A technique for the full wave characterization of microstrip open end discontinuities fabricated on uniaxial anisotropic substrates using potential theory is presented. The substrate to be analyzed is enclosed in a cut-off waveguide, with the anisotropic axis aligned perpendicular to the airdielectric interface. A full description of the sources on the microstrip line is included with edge conditions built in. Extention to other discontinuities is discussed.
Introduction
While there is extensive data available on the microwave characterization of a variety of microstrip discontinuities using both quasi-static [l-31 and full wave techniques [4-61, the characterization has been restricted to isotropic substrates. To date, there is no published data regarding microstrip discontinuities patterned on anisotropic substrates. Some very useful microwave substrates however, like sapphire, are anisotropic and so any discontinuity structures fabricated on them can not be properly characterized by the techniques that have been developed for isotropic dielectric substrates.
A technique for the full wave characterization of microstrip open ends fabricated on lossless uniaxial anisotropic substrates has been developed and is presented here. It is based on a dynamic source reversal technique that uses potential theory [7] , which is a generalization of the charge resversal technique introduced several years ago [l] . The discontinuity is enclosed in a waveguide of infinite extent whose dimensions are such that the guide is cut-off for the propagating frequency on the microstrip. All sources on the microstrip are represented, and the technique does not require a model for the source exitation.
Dynamic Source Reversal Technique
The anisotropic axis of the substrate is aligned perpendicular to the air-dielectric interface as shown in Fig. 1 . The anisotropic dielectric may be represented as a tensor quantity given by where I is the unit dyad and n(y) = ~, ( y ) = 1 for y > h. The microstrip line is assumed to be infinitely thin and located at a height y = h+. In terms of the sources on the microstrip line, the scalar and vector potentials, @ and A respectively, for the dielectric loaded waveguide may be determined from (V2 + nk;)A, = -poJz
The potentials appearing in Eqs. eo9(x,h,z) = J JG*(x,h,z;x',h,z')p(x',h,z')dx'dz' ( 
7)
x' z' From these potentials the electric field components are found using
where it is required that for this particular geometry E, and E, vanish on the microstrip. The fields thus obtained are 
for z' 5 0, where J, , , p, and , 9 are the yet to be determined amplitudes and propagation constant, respectively of the dominant microstrip mode, R is an unknown reflection coefficient, and J, , and p, represent the perturbed source amplitudes near the open end. Weighted Chebychev polynomials are used to represent the sources in x for both dominant and perturbed sources, while triangle and pulse functions are used to represent the perturbed sources in z.
Equations (9) and (10) may be written as
where U(z') is the Heavyside unit step function which is 0 for z' < 0 or 1 for z' > 0, and jBin = (1 -R)/(1 + R) is the normalized input susceptance for the open end. In Eqs. (11) and (12) the dominant mode sources are assumed to exist for --oo 5 z' 5 00. Then dominant mode sources for z' > 0 are subtracted away to create the terms that multiply the (1 + R) coefficient in (11) and (12). Since the amplitudes of J, , and p1 are arbitrary at this point, they may be defined so as to include the (1 + R) term. Now the (1 + R) term is common to all of the source terms, so it may be normalized to 1.0. Using Eqs. (11) and (12) in Eqs. (6) and (7) and substituting into Eq. (8) gives the electric field in terms of the sources on the open end microstrip line. When the requirement that E, = 0 on the microstrip is enforced, the terms corresponding to the dominant mode on the infinite line already satisfy the boundary condition on the strip, so they drop out. The sources existing for z' > 0 may be considered "source reversed" terms which produce an impressed field in the reigon z 5 0 but localized near the discontinuity. The factor (1 + R) can be included into the arbitrary amplitude of the dominant mode sources. Thus, apart from the unknown parameter Bin, the dominant mode sources in z' > 0 produce a known forcing function in the strip for z' < 0. The electric field produced by the perturbed sources J, , and p,, must cancel the tangential component of the applied field for z 5 0. A modified perturbation technique [8] is used to determine the unknown dominant mode amplitudes and propagation constant for an infinite line. The method of moments is then used to reduce the resulting integral equation to a matrix equation which can be solved for the unknown input admittance Bin, aa well as for J, I and p,.
Only one matrix inversion is required to find Bin.
Results
The pulse width, A, of the expansion functions was chosen to be 0.32 mm at f = 2.0 GHz (or A N 0.0053A for sapphire). This pulse width guaranteed a converged vafue for Bin [7] for all of the examples presented. To verify the accuracy of the theory as well as the resulting program, the program was checked for the isotropic case, and was able to duplicate data obtained in (11 and [7] . Table I Table I1 shows the variation of CO, as a function of line width for sapphire, and compares the results obtained for a substrate with an isotropic dielectric constant of 9.4, as well as for an isotropic dielectric constant of 11.6. Table I11 shows the effects of fixed waveguide dimensions on Bin and CO, as a function of frequency of the propagating microstrip mode. For low frequencies, Bin varies linearly with frequency, starting to deviate as the frequency increases, this effect becomes more pronounced until the cut off frequency of the E,, waveguide mode is reached. This effect may be overcome by either frequency scaling the input parameters or by adjusting the waveguide dimensions accordingly.
The BASIC computer program developed to implement this technique can be executed on a personal computer with as little as 640K of RAM. Other discontinuity structures can be characterized in a similar manner. The technique is computationally efficient, there is no need to model the source excitation, and the admittance can be solved for directly in the case of a one port network. All integrals involving the expansion and testing functions are performed analytically so no numerical integrations are necessary, and the dominant portions of slowly converging series can be extracted and summed into closed form.
This technique can be extended to rapidly and accurately characterize a number of other commonly used discontinuity structures, especially "coaxial" two port structures such as asymmetrical gaps and steps in width. To characterize a two port structure in terms of an equivalent "Tee" or "Pi" network, the Tangent Plane method [9] can be used to extract parameter values. 
